INTRODUCTION
Merchant ships like the Savannah from the United States, the Otto Hahn from Germany, the Mutsu from Japan, and the icy-breaker Lenin from the former Soviet Union proved that the nuclear energy could be used as a reliable source of energy for maritime propulsion since 1960. By the end of last century, the United States Navy had commissioned almost 200 nuclear submarines from which two of them the Scorpion and the Thresher were lost at sea. On 12 August 2000 the nuclear submarine Kursk exploded in the Barents with loss of all 118 persons aboard. It is known that nuclear reactors from some former Soviet Union submarines which were decommissioned lie at the bottom of the Kara Sea, though the radioactive releases are considered to be localized (Salbu et al., 1997; Warden et al., 1997) . In December 2007, the Arktika class icebreaker with nuclear propulsion -50 Years Victory -started trials for Arctic exploration. This fact suggests that the use of nuclear propulsion is far from over.
The current work describes a simplified model to evaluate the radiological impact of an accident with a nuclear reactor at sea. The basic elements considered for modeling accidents were the following: source terms; concentrations of radionuclides in the water; transport and diffusion of radionuclides in the sea water; accumulation of radionuclides in the aquatic food; and dose to humans from the ingestion of contaminated aquatic food These elements will be treated subsequently in separate sections of the paper.
SOURCE TERMS
There is not any particular mechanistic accident sequence to be considered in the accident scenarios used in this work. Four source terms for scenarios were taken into consideration, though there are others that can be used in more detailed studies. Initial and delayed sources are considered in all cases. The main source term considered here consists of an initial one month long release fractions based on WASH 1400, followed by two years of continuous leaching. The instantaneous release fraction of a radionuclide from the core inventory per unit power, in Bq.kW(th) -1 is denoted here as Rp i . The quantity Rp i can be expressed as:
where V i is the volatility fraction for the radionuclide i, A i is the activity of radionuclide i in the core inventory at the time at the accident., (in Bq) and P is the thermal power (in kW(th)) of the nuclear reactor used for ship or submarine propulsion.
The delayed source can be considered as composed of two parts. The first encompasses the value of the leach rate coefficient F 1 up to 30 days, while the second uses the value for the leach rate coefficient F 2 from 1 month to 2 years. The time dependent release fraction Rp i (i) corresponding to the delayed source up to 2 years can be expressed as.
( )
where typical values for F j are F 1 = 5 x 10 -5 and F 2 = 5 x 10 -6 .
CONCENTRATIONS OF RADIONUCLIDES IN THE WATER
When an accident with release of radionuclides occurs at sea a patch of radionuclides is formed with the center at the very site of the accident. The concentration w i (r,t) of a radionuclide i in the water at a radial distante r from the patch center and at a dilution time t can be generally described by an equation such as:
(3) where f(t) is the patch center peak concentration at a time t, and g(r,t) is a spatial-time distribution function. Using data available in the literature it was developed an empirical formulae which was consistent with equation (3). It was possible to evaluate the radionuclide concentration in water across the patch at a given time. The expression obtained is essentially a Gaussian spatial distribution, which can be expressed as (Okubo, 1971) : where M i is the activity of radionuclíde i (Bq), released instantaneously, d is the depth (meters) of the water column in which the radionuclide released is initially mixed, r is the distance (meters) of the center of the plume, λ i is the decay constant of radionuclide i (in days -1 ), t is the lasted time (days -1 ), and σ r (t) is the time dependent standard deviation (meters). Cs as a function of time for, 0.6 day< t <100 days, to illustrate the application of expression (4). Cs concentrations continue to be significant even after 100 days, while the 131 I concentration looses its importance within few weeks.
RADIONUCLIDE ACCUMULATION IN AQUATIC FOOD
The experience accumulated with pathway analysis of routine releases of radionuclides from nuclear power plants indicates that the radionuclide concentrations in edible aquatic food can be estimated through the knowledge of the radionuclide concentrations in the surrounding water by means of concentration factors (Cf t ). There are a large number of reports published in the open literature concerning Cf f s. Typical values of CF f for fish range from 0.5 to 3.0 × 10 4 . There is available a list of Cf f s for fish, mollusks, crustacean and seaweed. One should be aware, however, that calculations of time dependent concentrations of radioactivity in aquatic food following an accidental instantaneous release should reflect, as accurately as possible, the result of intake and elimination processes. The details of such processes are quite complex, and many parameters involved are dependent on environmental factors such as location, season, temperature and salinity. Thus, a generic model for calculating time-dependent concentrations of radionuclides in aquatic food can not be applied to any specific location concerning an accident, without a high degree of uncertainty.
DOSE TO HUMANS
The details of dose calculations will not be presented here. However, for the sake of comparison, Table 1 shows the relative importance of fish consumption, as far as dose estimates are concerned, to both external exposures, swimming in contaminated water and standing on contaminated sediments. In Table 1 , all data on calculated doses are normalized to internal exposure due to aquatic food (fish) ingestion. Source term A means initial releases lasting one month, and retarded two years, while C means 1% of the core inventory is released instantaneously, and 10% at an exponential decay rate for three months. The concentrations for instantaneous and continuous models are superimposed. The data presented in Table 1 are normalized to internal exposure due to aquatic food (fish) ingestion. The contribution of airborne releases of radionuclides to the liquid pathway via rainfall or fallout was considered to be negligible, as compared with the direct releases of radionuclides to the liquid pathway. Therefore, additional doses from airborne releases were not considered in this dose evaluation. Sr is a bone seeker. Detailed dose calculations were not presented here, but a comparison of the doses from swimming and direct exposure to sediments relative to fish ingestion was presented. The model can be refined to include more detailed calculations with site specific parameters.
